The protective antigen (PA) moiety of anthrax toxin transports edema factor and lethal factor to the cytosol of mammalian cells by a mechanism that depends on its ability to oligomerize and form pores in the endosomal membrane. Previously, some mutated forms of PA, designated dominant negative (DN), were found to coassemble with wild-type PA and generate defective heptameric pore-precursors (prepores). Prepores containing DN-PA are impaired in pore formation and in translocating edema factor and lethal factor across the endosomal membrane. To create a more comprehensive map of sites within PA where a single amino acid replacement can give a DN phenotype, we used automated systems to generate a Cys-replacement mutation for each of the 568 residues of PA63, the active 63-kDa proteolytic fragment of PA. Thirty-three mutations that reduced PA's ability to mediate toxicity at least 100-fold were identified in all four domains of PA63. A majority (22) were in domain 2, the pore-forming domain. Seven of the domain-2 mutations, located in or adjacent to the 2␤6 strand, the 2␤7 strand, and the 2␤10-2␤11 loop, gave the DN phenotype. This study demonstrates the feasibility of high-throughput scanning mutagenesis of a moderate sized protein. The results show that DN mutations cluster in a single domain and implicate 2␤6 and 2␤7 strands and the 2␤10-2␤11 loop in the conformational rearrangement of the prepore to the pore. They also add to the repertoire of mutations available for structure-function studies and for designing new antitoxic agents for treatment of anthrax.
T
he ability of Bacillus anthracis to cause disease depends on two major virulence factors: a secreted tripartite toxin, which is believed to cause the main symptoms of anthrax, and a poly(D-glutamic acid) capsule, which inhibits phagocytosis of the bacterium (1) . Recent advances in understanding the structure and mode of action of the toxin have provided novel approaches to treating anthrax (2) .
Anthrax toxin is a member of the binary bacterial toxins, a subset of intracellularly acting toxins in which the enzymatic and receptor-binding moieties are secreted by the bacteria as discrete monomeric proteins (3, 4) . These proteins assemble at the surface of receptor-bearing eukaryotic cells to form toxic heterooligomeric complexes. The complexes are internalized and delivered to an acidic compartment, where the receptor-binding moiety inserts into the membrane and mediates translocation of the enzymatic moiety to the cytosol. Within the cytosol, the enzymatic moiety modifies a molecular target, disrupting cell physiology and causing cytopathic effects. Anthrax toxin consists of two enzymatic moieties, edema factor (EF; 89 kDa) and lethal factor (LF; 90 kDa), and a single receptor-binding moiety, protective antigen (PA; 83 kDa), named for its ability to elicit protective immunity. EF is a Ca 2ϩ and calmodulin-dependent adenylate cyclase (5, 6) , and LF is a Zn 2ϩ -dependent protease that cleaves mitogen-activated protein kinase kinases (7, 8) .
After binding to its cellular receptor (9) , PA is cleaved by the furin class of cellular proteases (10) . This removes a 20-kDa fragment, PA 20 , from the N terminus and leaves the complementary C-terminal fragment, PA 63 (63 kDa), bound to the receptor. PA 63 then spontaneously oligomerizes to form a ringshaped heptamer (11) . EF and LF bind competitively to identical sites on oligomeric PA 63 (12, 13) , yielding a series of toxic complexes containing one to three molecules of EF and͞or LF bound per PA 63 heptamer (14) . Oligomerization of PA 63 triggers endocytosis (15, 16) and trafficking to an endosomal compartment (17, 18) . After acidification of the endosomal compartment, the PA 63 heptamer undergoes a conformational change that allows it to insert into the membrane, form a cation-selective pore, and translocate EF͞LF to the cytosol (19) (20) (21) .
The crystallographic structure of intact PA has been solved and shows that the protein is organized into four domains ( Fig.  1 ) (22) . Domain 1, the N-terminal domain, contains the furin cleavage site and therefore encompasses PA 20 . That portion of domain 1 within PA 63 , termed domain 1Ј, contains two calcium atoms and participates in EF/LF binding (13) and oligomerization (23) . Domain 2 contains a flexible loop (2␤ 2 -2␤ 3 ) that is believed to form the transmembrane region of the pore. Ion conductance experiments on Cys-substitution mutants strongly suggest that the 2␤ 2 -2␤ 3 loops from the seven subunits of the prepore combine to form a transmembrane 14-strand ␤-barrel (24, 25) . Domain 3 is involved in oligomerization (23) , and domain 4, the C-terminal domain, contains the receptor-binding site (9, 26, 27) . In addition to monomeric PA, the structure of a soluble form of the PA 63 heptamer has been solved (22) ; it is believed to represent the conformation of the heptamer before pore formation and has been termed the prepore.
PA mutants blocked at discrete steps of the intoxication process have given important insights into structure-function relationships of PA, and some of these mutants have properties that may make them useful in treating anthrax. Of particular interest are mutations that make the protein dominantly negative (DN), thereby converting it into a potent antitoxin (28) . DN-PA cooligomerizes with wild-type PA 63 and inhibits its ability to form pores and mediate translocation. Point mutations at D425 and F427, a deletion or substitution of the 2␤ 2 -2␤ 3 loop, or combinations of these mutations, have been shown to confer varying degrees of DN activity on PA (28) (29) (30) .
The analysis of large arrays of PA mutants has recently become feasible, following identification of ways to obtain small-scale preparations of PA mutants and screen them rapidly and reliably for defects in PA functions (23) . Primarily to search PA for additional DN sites, we developed a protocol to mutate each of the 568 amino acids of PA 63 to Cys and characterize the resulting mutants. We restricted our study to PA 63 because PA 20 does not appear to play a role in intoxication besides preventing toxin assembly in solution. Cys-replacements were chosen because this amino acid is absent from PA and because the thiol-containing side chain is amenable to specific derivatization, facilitating structure-function studies (24, 25, (31) (32) (33) .
We first screened for mutations that a caused large (Ͼ100-fold) reduction in PA's ability to mediate toxicity. Such mutations were identified in all four domains, but a majority were in domain 2. Mutations conferring the DN phenotype were found exclusively within domain 2, in the 2␤ 6 strand, the 2␤ 7 strand, or the 2␤ 10 -2␤ 11 loop. Because DN mutants prevent the conformational transition of PA 63 from the prepore to the pore state, we conclude that these structural elements play major roles in this change. Some of the newly identified mutations may be useful in designing new antitoxins for treatment of anthrax.
Materials and Methods
Mutagenesis of PA. The mutagenic oligonucleotides were each designed to have a melting temperature of Ϸ85°C, 33 nt long, with the mutagenic site located centrally, and the 3Ј end being GC rich if possible. The oligonucleotides were synthesized with a MerMade automated system (Plano, TX) in a 96-well plates and checked by using capillary electrophoresis. The mutagenesis of PA-pET22b was performed by using a GenAmp 9700 PCR system (Applied Biosystems, Foster City, CA) according to the protocol provided by the Site Directed Mutagenesis QuikChange kit (Stratagene). The success rate after the first round of PCR was Ϸ90% when this AT rich template was used. An aliquot of mutagenized product was used to transform Escherichia coli XL-1 Blue Supercompetent cells (Stratagene), and the bacteria were spread on LB agar plates containing 100 g͞ml ampicillin.
After overnight incubation, two colonies were picked from each mutagenesis reaction into 96-deep-well plates containing 1.5 ml of selective broth. Hence, 192 clones were picked and sequenced for each set of 96 mutants. After overnight growth in 96-deep-well plates (2 ml culture volume), plasmid DNA purification was performed by using an automated liquid handling machine, the Biomeck 2000 workstation (Beckman, Fullerton, CA) to perform a modified alkaline lysis and extraction of the plasmid DNA (www.microgen.ouhsc.edu͞manualsprotocols͞ ifisoldnatempb.htm). The isolated plasmid DNA was used to sequence the region containing the mutation and to provide a permanent stock of the plasmid DNA if the mutation was confirmed by DNA sequence analysis. The presence of the mutation was confirmed by DNA sequence analysis using an Applied Biosystems 3700 capillary DNA sequencer. Typically the success rate of both clones containing the mutation was 99%. DNA bearing the desired mutation was used to transform E. coli Tuner (DE3) (Novagen, Madison, WI), made chemically competent (Zymo Research, Orange, CA), and the resulting clones were kept for further study. The full sequence of PA was not checked for each mutant, and it is therefore possible that some mutants may have additional unwanted mutations. However, the full sequences of the 33 defective mutants described herein were confirmed.
During the process of mutagenesis, some minor problems arose that primarily centered on the production of the mutated template by the QuikChange mutagenesis methods. The problems were primarily concerned with the PCR and the lack of production of the mutated template. Typically, these problems were solved by altering the template and͞or the primer concentration or the PCR cycle parameters, although the exact conditions typically varied for each case. In cases in which these approaches were ineffective, the mutagenic oligonucleotides were redesigned by lengthening the primer by adding additional bases, preferably including G or C if possible, to the 3Ј end to ensure its hybridization with the proper site on the template and to anchor the 3Ј end of the primers. All DNA sequencing and oligonucleotide synthesis was performed by the Laboratory for Genomics and Bioinformatics in the Department of Microbiology and Immunology at the University of Oklahoma Health Sciences Center (http:͞͞microgen.ouhsc.edu).
Screening for Inactive Mutants. Bacterial cultures grown in a 96-deep-well plate containing 1 ml of selective broth were induced for protein expression with 0.1 mM isopropyl ␤-Dthiogalactoside overnight at 16°C. Strains containing plasmids allowing the expression of wild-type PA or an empty plasmid were used as positive and negative controls, respectively. Whole cell lysates were prepared by adding T7 phage at a multiplicity of infection of 3 to each culture and shifting them to 37°C, according to a previously described method (23) . Bacterial debris was pelleted by centrifugation, and 10 l of the supernatants containing the PA mutants was mixed with 90 l of cell culture medium (RP-10 medium with 10% FCS) containing 1.5 g of purified recombinant LF. The mixtures were added to 96-well plates containing 5 ϫ 10 5 RAW 264.2 macrophage cells per well, and the plates were incubated for 4 h. Macrophage viability was assayed with the CCK-8 vital stain (Dojindo Laboratories, Gaithersburg, MD).
Strains expressing inactive mutants were tested further. Bacteria were grown in 5 ml of selective broth in individual tubes, and protein expression was induced with 0.2 mM isopropyl ␤-D-thiogalactoside for 3 h at 30°C. Periplasmic fractions were prepared according to the osmotic shock procedure (33) and recovered in 500 l of 5 mM MgSO 4 ͞5 mM DTT containing a mixture of protease inhibitors (Complete EDTA-free, Roche Applied Sciences). The periplasmic extracts were serially diluted in cell culture medium (HAM-F12 medium containing 10% calf serum), and 25 l of each dilution was mixed with 100 l of medium containing 10 Ϫ9 M purified LF N DTA (LF N , N-terminal domain of LF; DTA, diphtheria toxin A-chain). The mixtures were added to 96-well plates containing 2.5 ϫ 10 5 Chinese hamster ovary (CHO)-K1 cells per well, and the plates were incubated overnight. Cell viability was assayed with the WST1 vital stain (Roche Applied Sciences).
The relative amount of each inactive mutant PA in periplasmic extracts was determined by Western blotting using polyclonal antibodies directed against PA and compared with the amount of PA found in an extract containing wild-type PA by densitometry analysis.
DN Inhibition and Animal Protection Assays.
The assay for DN inhibitor activity was performed as before (28, 30) with a fixed amount of PA (2 ϫ 10 Ϫ10 M) and LF N DTA (10 Ϫ9 M) and increasing amounts of each PA mutant purified as described (30) or periplasmic fractions containing PA mutants.
The animal protection was performed as described (28) . Fisher 344 male rats (Harlan Laboratories, Haslett, MI), 250-300 g, were challenged intravenously with 40 g of purified PA and 8 g of purified LF in the presence (three rats) or absence (three rats) of 40 g of purified T393C. The rats were monitored up to a week after the injection and were killed if moribund.
Characterizations of PA Mutants. Heptamer formation, LF N binding and translocation, 86 Rb ϩ release, and cell binding assays are briefly described below but were fully detailed elsewhere (9, 30) . Assays were performed with periplasmic fractions containing PA mutants or pure proteins obtained as described (30) . Purified proteins, 2 g, were nicked by adding a limited amount of trypsin and used for the assays. Because nicking of PA is not possible with unpurified preparations, this step was replaced when using periplasmic extracts by incubating CHO-K1 cells with extracts containing Ϸ2 g of PA, as judged by Western blot, at 37°C for 45 min. This allowed cellular proteolytic activation of PA.
Heptamer formation was assayed with nicked, purified PA by incubating the protein with an equimolar amount of LF N and separating the mixture by native PAGE. 
Results

Mutagenesis.
To generate a complete library of Cys mutants of PA 63 we used the QuikChange (Stratagene) method to generate point mutations, but performed it in conjunction with automated systems currently used for high-throughput DNA sequencing. The pag gene encoding PA is AT rich (34% GC) and did not present significant technical hurdles. Automated systems were used to synthesize the mutagenic oligonucleotide pairs, and the quality of mutagenic oligonucleotides were confirmed by automated capillary electrophoresis. In this manner, a full plate could be processed in a day, and the oligonucleotides needed for complete mutagenesis of PA 63 could be synthesized and checked in 12 days. After manually performing the PCR mutagenesis in 96-well plates and transforming the resulting mutated plasmids into E. coli, automation was again used for preparing DNA from the colonies and sequencing of the region of interest. Clones bearing the desired mutation were used for functional screens. We used this protocol to generate 568 mutants, corresponding to the replacement of every amino acid of PA 63 with Cys.
Toxicity and Expression Levels of the Mutants. Because of the large number of mutants to be tested, functional defects were identified in a two-step process (Table 3 , which is published as supporting information on the PNAS web site). In the first stage, bacteria expressing the mutants were grown in 96-deep-well plates, and whole-cell lysates were prepared by adding T7 phage (23) . The lysates were mixed with cell culture medium containing purified LF and incubated with RAW murine macrophages (34) . After 4 h, the viability of the macrophages was assayed with a vital stain.
Mutants of PA that lacked the capacity to facilitate LFmediated killing of macrophage were subjected to the second screening step. Bacteria were grown in individual tubes, and periplasmic fractions were obtained by osmotic shock. Serial dilutions of the periplasmic preparations were mixed with cell culture medium containing purified LF N DTA and incubated with CHO cells. LF N DTA contains the catalytic chain of DTA fused to the LF N (35) . This fusion protein follows the same PA-dependent route as LF or EF to the cytosol, where the DTA moiety catalyzes the ADP-ribosylation of elongation factor-2, blocking protein synthesis and causing cell death. After an overnight incubation with the samples, cells were assayed for viability with a vital stain.
When we used extracts containing wild-type PA prepared under the same conditions as a standard, we found that the first assay detected up to Ϸ100-fold reduction of toxicity, and the second accurately scored even greater reductions, of 200-to 10,000-fold. For all of the mutants found to be defective in the second assay, we evaluated the amounts of PA present in the periplasmic extracts by Western blot analysis, using polyclonal antibody against PA. Those mutants showing Ͻ10% of the full-length wild-type PA level were considered to be impaired in expression and were not tested further.
The two-step approach had several advantages. The use of two independent methods to evaluate the toxicity of the mutants strengthened the conclusion that a mutant was defective. The second method was more time consuming and labor intensive than the first, but detected lower levels of residual activity. Thus, the two-step approach avoided performing the more time consuming method for every mutant and yet enabled us to differentiate the strongly defective mutants (those showing Ͼ100-fold reduction of toxicity) from those that were mildly defective. The latter were difficult to identify by screening, because they could not be easily discriminated from mutants that were functional but were expressed at marginally reduced levels. One should note that several mutants with mild defects have been instrumental in earlier structure-function studies (13, 23) , and such mutants were ignored in our approach.
Of the 134 mutants scored as defective by this two-step protocol, 101 were impaired in expression (Table 3) . We did not experimentally address the basis of defective expression, but this defect was seen primarily in residues that were buried and͞or involved in contacts with other amino acids, leading us to believe that loss of stability was responsible in most cases. Domain 1 showed a larger percentage of residues where mutation caused defective expression (32%, compared with 21%, 11%, and 9%, respectively, for the remaining domains). Most of the residues are involved in binding the two Ca 2ϩ atoms, consistent with the notion that these atoms function primarily in stabilizing this domain. Curiously, the D425C mutation in domain 2 significantly impaired expression, although other substitutions at this site appear to be tolerated.
Thirty three mutants (6% of the total number of mutants tested) were both strongly defective and well expressed. As shown in Table 1 and Fig. 1 A, the 33 mutations were distributed among the four domains of PA. Strikingly a majority, 22, were in domain 2.
Some Inactive Mutants Are Dominant. We tested serial dilutions of periplasmic preparations containing the 33 inactive mutants for ability to inhibit the toxicity of a mixture of PA and LF N DTA toward CHO cells at ratios of mutated to wild-type PA up to 8:1. Those that showed measurable inhibitory activity under these conditions were defined, for the purpose of this study, as DN [We prefer for the time being to use this operational definition of ''dominant negative.'' There is no absolute scale of toxicity; values are always dependent on the conditions of assay and the standard employed.] Nine preparations of mutant PA were inhibitory: I364, T380, S382, T393, K397, N399, Y411, N422, and F427. These mutations were all located within domain 2. Seven of these mutants were purified for further characterization; because mutations of K397 and F427 had been documented earlier, they were omitted.
Like the DN mutants characterized earlier, the purified DN Cys-mutants showed defects specifically in pore formation and translocation ( Table 2 ). The trypsin-activated proteins heptamerized normally in solution in the presence of LF N , as shown by native PAGE, and receptor-bound mutant PAs on the CHO-K1 cell surface were unimpaired in binding radiolabeled LF N . Under acidic conditions, PA 63 heptamers in solution failed Table 1 . Amino acid residues at which Cys substitutions inhibited PA activity by at least 100-fold Domain  Residues   1  I210, K225, T240, K245  2  S337, G342, W346, T357, I364, P379, T380, S382, T390, T393, K397, N399, Y411, I419, A420,  N422, F427, S248, D451, D453, V455, N458  3  E515  4 I656, N657, I665, N682, D683, L687
The toxicity of the PA mutants was tested by two successive assays as described in the text. 
All of the mutants tested showed Ͻ0.01 wild-type PA activity in mediating the toxicity of LFNDTA. LFN binding is measured as the amount of LF N bound to CHO cells preincubated with trypsin-nicked PA (nPA). LFN translocation is the percentage of bound LF N protected from proteolysis after a pulse at pH 5. Pore formation is measured as the amount of 86 Rb ϩ released from preloaded cells incubated with nPA and pulsed at pH 5. Heptamer formation is visualized by native PAGE of equimolar mixes of nPA with LF N. Formation of SDS-resistant heptamers is triggered by dropping the pH of the mixes to pH 5 and is visualized by SDS͞PAGE. The activities are reported as ϩϩϩ, 75-100%; ϩϩ, 25-74%; ϩ, 5-24%, and Ϫ, Ͻ5% of wild-type levels. *The data for these mutants are derived from previous experiments (41) .
to convert to the SDS-resistant state characteristic of the pore, and cell-bound mutants did not permeabilize the plasma membrane under such conditions, as determined by 86 Rb ϩ -release. Finally, PA 63 -bound radiolabeled LF N on cells was not translocated to a protease-protected site under acidic conditions.
As shown in Fig. 2 , PA bearing T393C, T380C, or S382C showed strong DN activity, only slightly weaker than that of the K397D ϩ D425K double mutant characterized earlier. N399C and N422C showed moderate DN activity, and I364C and Y411C showed weak inhibitory activity.
One of the strongest of the five DN mutants, T393C, was tested for ability to protect Fisher 344 rats from a lethal challenge with a mixture of PA and LF. Like the other DN mutants tested (28) , T393C prevented symptoms of intoxication until the time of death, whereas rats challenged with native toxin alone became moribund 75 min after challenge (data not shown).
Discussion
To undertake this project, we developed protocols for highthroughput mutagenesis of a relatively large protein. Complete scanning mutagenesis with Cys, Ala, or random substitutions had been performed before on proteins like LacY (36), HIV-1 protease (37), and other polypeptides (38) (39) (40) , but the studies on full-length proteins involved multiple rounds of mutagenesis and characterization was conducted over several years. By comparison, our approach involved the complete mutagenesis and initial characterization of 568 PA mutants in Ͻ1 year. In this era of genomic-scale studies, the instruments for automation we used are found in many laboratories, and thus our approach could be readily adapted to other proteins.
By using two activity assays sequentially, we were able to screen the resulting mutants rapidly for defects in toxicity. The expression level for each defective mutant was used as a presumptive gauge of its structural stability. In the end, we were able to identify 33 well expressed mutants with defects in toxicity. Mapping these residues to the three-dimensional structure of PA 63 (Fig. 1 A) shows that these residues are concentrated on the luminal surface of domain 2. The fact that we kept only strongly defective mutants for analysis undoubtedly caused us to overlook some functionally important residues. Another limitation, not unique to our protocol, resulted from the choice of a single substituting residue, Cys in our case. In contrast to the Cys substitutions, Ala substitutions at selected sites gave different results: Y411A showed strong DN activity; T380A and N399A showed weak DN activity; and N422 and S382A showed no DN activity. At position 393, Cys or Lys gave strong DN activity; Asp or Ala gave moderate DN activity; and Ser gave no DN activity (M.Y. and R.J.C., unpublished data). No mutational profile of inactivation can be considered absolute, however, because any will be specific to some degree to the chosen substituting residue.
Despite these limitations, the fact that many of the 33 residues map to regions previously implicated in functions of EF͞LF binding, receptor binding, and͞or oligomerization lends support to both the method and the working multistep intoxication model. For instance, the identification of I210C as a functionally defective mutant is consistent with results for a I210A mutant that was previously shown to be impaired in LF N binding (13) . We observed that in periplasmic fractions I210C was unable to bind LF N on cells but could form pores (data not shown), suggesting that this mutant can bind to cells and oligomerize, and that the resulting heptamers can insert in the membrane but have a defect in LF N binding. This result confirms that I210 belongs to the LF N -binding site. Another example is N682C. We previously showed that N682S was unable to bind the cellular receptor of anthrax toxin (9) . Likewise, we observed that periplasmic fractions of N682C were affected in binding to cells, and therefore unable to bind LF N and form pores on cells (data not shown). This confirms that N682 belongs to the receptor-binding site. Lastly, E515C is within the same loop as D512, a residue for which we previously showed a defect in oligomerization upon mutation to Ala or Lys (23) . We observed that E515C could bind to cells but did not bind LF N nor form pores (data not shown), consistent with the hypothesis that this mutant is unable to form heptamers because its oligomerization interface is altered.
The classification of functional defects for some of the other mutations, particularly those affecting residues in domain 2 circumscribing the lumen of the prepore, was not as obvious. We tested the pure proteins or periplasmic fractions containing inactive mutants involving those residues (I364, P379, T380, S382, T390, T393, K397, N399, Y411, I419, A420, N422, F427, S428, D451, D453, V455, and N458) for their ability to bind cells, oligomerize, bind LF N , and form pores on cells (Table 2 and data not shown). None of these mutants was able to form pores, but all bound LF N as well as wild type. This observation suggests that they can bind cells and oligomerize to form a prepore but cannot be converted to a pore.
Seven of these mutants, I364C, T380C, S382C, T393C, K397C, N399C, and N422C, were found to act in a DN fashion. At the time this study began, the known DN mutations of PA fell into two categories: (i) individual amino acid replacements for either of two residues, D425 and F427; and (ii) a multiresidue deletion or substitution of the pore forming, 2␤ 2 -2␤ 3 loop. All DN mutations were in domain 2 and specifically affected the related functions of pore formation and translocation. The DN mutants identified in the current study are located in the 2␤ 6 strand (T380 and S382), the 2␤ 7 strand (T393 and N399), and the 2␤ 10 -2␤ 11 loop (N422), the last of these also containing D425 and F427 (Fig. 1B) . The side chains of all of these DN residues are solvent accessible in the prepore, but the strong effects of mutating even a single one of them suggests that they make contacts with other residues in the pore state, or possibly in an intermediate state in the prepore-to-pore transition. Alternatively, a DN mutation might impede the transition by increasing the stability of the prepore, and thus increasing the activation energy. Exploring these mutations further may facilitate the understanding of the prepore-to-pore transition and the translocation process. The finding that DN mutations are localized exclusively to domain 2 and specifically affect pore formation͞translocation is consistent with the current model of anthrax toxin assembly and action. The prepore is believed to convert to the pore in a concerted, presumably cooperative, structural rearrangement of the identical subunits. Thus, the presence of a DN subunit that is unable to undergo the requisite conformational change can apparently block the entire rearrangement.
The individual DN mutations vary in potency and may not be qualitatively different from other domain 2 mutations that affect pore formation͞translocation. Rather, they may simply cause greater disruption of the prepore-to-pore transition. Combining various DN mutations with others in domain 2 that either are or are not DN has been shown to enhance DN activity. A noteworthy example is the K397DϩD425K double mutant. Whereas K397D by itself does not show DN activity, the K397DϩD425K double mutant is among the strongest we have seen and may block translocation at the level of a single mutant subunit per heptamer. The additional domain 2 mutations reported here therefore provide the basis for many other combinations with high DN potency.
The high-throughput approach is amenable to the study of most proteins and can be used to rapidly generate a general view of the functionally important domains of a protein, providing that a functional protein can be expressed and an adequate screening procedure can be used to identify changes in its activity. The choice of amino acid substitution largely depends the objectives of the study. In the present case, cysteine was chosen for two reasons, the first is that no naturally occurring cysteines are present in PA and second, cysteine offers the possibility of attaching sulfhydryl-specific probes at any site of the PA structure for subsequent analyses. Different side chains (e.g., alanine versus cysteine) can result in different phenotypes, as was apparent in these studies. However, if the purpose of a study is to map out functional domains of a protein, then it is unlikely that the choice of amino acid substitution would exclude the identification of a functional domain. In the present study, the substitution of cysteine resulted in the identification of residues in all known functional domains of PA.
In conclusion, we have devised a protocol for high-throughput scanning mutagenesis and demonstrated its efficacy on a moderately large protein of medical importance. Besides yielding a global view of highly vulnerable sites in PA, the current work has provided a set of mutations that will facilitate fine dissection of structure-function relationships of the protein. Such mutations may also be useful for constructing new therapeutics and vaccines against anthrax.
